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Summary: It has beenshown that the bis(trimethylsily1)- 
acetylene complex of  zirconocene CpzZr(THF)(Me&Cz- 
SiMe3) ( 1 )  and the binuclear a-alkenyl complex of 
zirconium (Cp[p-  (71.75- CsH4)]Zr[C(SiMe3)=CH(Si- 
Me31112 (2) readily react with carbon dioxide at room 
temperature to form the dimeric zirconafuranone met- 

allacycle ~Cp~rC(SiMe3)=C(SiMe3)C(O)O] ,  (3). Under 
similar conditions the reaction of Cp2Zr(THF)(MesSiCz- 
SiMe3) and { Cp [p - ( 71:75 - C&)] Zr [C (SiMe3)=CH (Si - 
Me31112 with water affords the zirconoxane complex [Cp2- 
ZrC(SiMe3)=CH(SiMe3)~120 (4). The structures of the 
obtained complexes have been established by X-ray  
structure analysis. 

Recently we have reported the synthesis and structure 
of the first alkyne complex of zirconocene, CpZZr(THF)- 
(Me3SiCzSiMe3) (l), which does not contain a stabilizing 
phosphine ligand.' Complex 1 was obtained by the 
reaction of Cp2ZrClz with equimolar amounts of magne- 
sium and bis(trimethylsily1)acetylene in THF at  room 
temperature under argon. 

P M e 3  

THF * CplZr\)) / c- Cp,ZrC12 + Mg + Me,SiC=CSiMeS 
I c. - MgCI, 

THF 'SiMe, 

(1) 

An X-ray diffraction study of 1 has shown that the 
structure is close to that of a zirconacyclopropene and 
contains a weakly bonded THF molecule. 

As a remarkable feature, 1 on dissolving in benzene or 
hexane at  room temperature is readily transformed into 
the binuclear a-alkenyl complex2 due to hydrogen transfer 
from the .rl5-C5H5 ring to the acetylene ligand.' The 
reaction is reversible, and dissolution of 2 in THF results 
in a gradual back-formation of 1. According to X-ray data 
and NMR spectra 2 exhibits an agostic interaction between 
the zirconium atoms and the alkenyl C-H b0nd.l 
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SiMe3 
\ i '  c 
/ \  

I 

Zr' 'SiMe, 

CP 

(1) (2 ) 

Here we wish to report the reactions of complexes 1 and 
2 with carbon dioxide and water. 

Results and Discussion 
Although the interaction of carbon dioxide with titanium 

alkyne complexes has been well studied (see e.g. refs 2-7), 
similar reactions have not been described for alkyne 
complexes of zirconium until now. We found that 1 reacts 
readily with CO2 at  room temperature and atmospheric 
pressure to give the dimeric zirconafuranone metallacycle 
3 in 76% yield. 

SiMe 

Me%=( C P l Z r ,  /c-o 
t o  
0 / c  + 2c0, - 2 CP2Zr\II - 2 THF o*c/ " I C  K' THF 'SiMe, 

MeJSi SIMe, 

(1) ( 3 )  

Complex 3 is also formed in high yield by the reaction 
of 2 with carbon dioxide in THF under similar conditions. 
If the reaction of 2 with COz is carried out in benzene the 
yield of 3 decreases. 

Complex 3 is a light-yellow crystalline solid (mp 177- 
178 "C (dec) under argon) stable in air and practically 
insoluble in hydrocarbons and ethereal solvents. 
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(3)Alt, H. G.; Herrmann, G. S.; Rausch, M. D.; Mallin, D. T. J. 
Organomet. Chem. 1988,356, C53. 

(4) Alt, H. G.; Herrmann, G. S. J. Organomet. Chem. 1990,390,159. 
( 5 )  Burlakov, V. V.; Rosenthal, U.; Yanovskii, A. I.; Stuchkov, Yu. T.; 

Ellert, 0. G.; Shur, V. B.; Vol'pin, M. E. Metallorg. Khim. 1989,2,1193 
[English translation: Organomet. Chem. USSR, 1989, 2, 6331. 

(6) Burlakov, V. V.; Rosenthal, U.; Dolgushin, F. M.; Yanovskii, A. I.; 
Stuchkov, Yu. T.; Ellert, 0. G.; Shur, V. B.; Vol'pin, M. E. Metallorg. 
Khim. 1992,5,1213 [English translation: Organomet. Chem. USSR, 1992, 
5, in press]. 

(7) Shur, V. B.; Burlakov, V. V.; Yanovskii, A. I.; Struchkov, Yu. T.; 
Vol'pin, M. E. Metallorg. Khim. 1988, 1, 475 [English translation: 
Organomet. Chem. USSR 1988,1, 2611. 

0276-733319312312-5016$04.00/0 0 1993 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
7,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
1,

 1
99

3 
| d

oi
: 1

0.
10

21
/o

m
00

03
6a

05
0



Notes Organometallics, Vol. 12, No. 12, 1993 5017 

Table II. Selected Bond Lengths (A) and Angles (deg) for 9 
Zr-0( 1) 2.197(2) C1-C2 1.488(5) 
Zr-O 1 a 2.330(2) Zr-CP2 2.254(3) 
Z r 4 3  2.376(3) O l - C l  1.342(4) 
Zr-CPl 2.243(3) 0 2 4  1 1.223(4) 
S i 1 4 2  1.923(4) C 2 4 3  1.360(5) 
S i 2 4 3  1.895(4) 

Zr-O 1-Zra 116.8(1) Zr-C3-C2 114.5(2) 
Zr-Ol-Cl 121.2(2) S i 2 4 3 4 2  116.8(2) 
01 -c l -02  120.4(3) 01-Zr-01a 63.2( 1) 
0 1 4 1 4 2  116.4(3) Ol-Zr-C3 71.7(1) 

Figure 1. SHELXTL plot showing the molecular structure 
of 3. 

Table I. Crystallographic Data for Complexes 3 and 4 

chem formula C38H%.O84Zrz C36HaOS4Zr4 
molecular weight 871.6 801.6 
cryst system triclinic monoclinic 
space group Pi (No. 2) C2/m (No. 12) 
cell params at 293 K 

3 4 

a (A) 10.254(3) 17.063(2) 
10.806(3) 12.403(2) 
1 1.041 (3) 10.452( 1) 

b (A) 
69.1 l(2) 

c (A) 
a (deg) 
B (deg) 67.61(2) 114.96(1) 
Y (deg) 66.39(2) 

1006.1(5) 2005.4(5) 
0.40 X 0.40 X 0.16 

V (A3) 
0.40 X 0.24 X 0.20 cryst dimens (mm) 

no. of formula units (2) 1 2 
4 (g/cm3) 1.44 1.33 
abs coeff p(Mo Ka) (cm-1) 6.6 6.5 

no. of unique data 4806 4821 
no. of obsd data with I5 241) 4567 1940 
no. of variables 217 113 
R 0.042 0.033 
R W  0.055 0.048 
rest electron density (e A-3) 1.47 0.43 

20 range (deg) 2-55 2-55 

An X-ray structure analysis of 3 revealed two zircon- 
afuranone units linked with each other by two coordinative 
Zr-0 bonds (Figure 1). Table I lists crystallographic data. 
Positional parameters and selected bond lengths and angles 
of 3 are given in Tables I1 and IV. 

The molecule has Ci symmetry with the symmetry center 
in the middle of a four-membered Zr-0-Zr-0 ring. This 
ring is planar, and the 0 atoms are parts of five-membered 
zirconafuranone units. The zirconium atoms have a 
distorted trigonal-bipyramidal coordination sphere having 
the Cp ring centers and the 01 atom in equatorial positions 
and the atoms Ola and C3 in axial positions. The whole 
tricyclic system is almost planar. The angle of distortion 
of ClOlZrOla amounts to 178.9(2)'. The SiMea groups 
are in cis positions. 

Analogous titanafuranone metallacycles but having a 
monomeric structure were obtained previously in the 
reaction of carbon dioxide with titanium alkyne complexes 
CpCp*Ti(PhCzPh), Cp2Ti(HC2H)(PMes), and Cp2Ti- 

J. L. Inorg. Chem. 1980,19, 3817. 
(9) Shur, V. B.; Bemadyuk, S. Z.; Burlakov, V. V.; Andrianov, V. G.; 

Yanovekii. A. I.: Stuchkov, Yu. T.: Vol'Din, M. E. J.  Organornet. Chem. . - .  
1983, 243,.157. . 

1988, 347, 77. 

393, 83. 

1988, 356, C50. 

(10) Shur, V. B.; Burlakov, V. V.; Vol'pin, M. E. J. Organomet. Chem. 

(11) Herrmann, G. S.; Alt, H. G.; Thewalt, U. Organomet. Chem. 1990, 

(12) Alt, H. G.; Herrmann, G. S.; Rausch, M. D. Organomet. Chem. 

130.4(2) S i 1 4 2 4 3  138.4(3) CP1-Zr-CPZ 
C 1 4 2 4 3  115.9(3) 

a CP1 is the centroid of the Cpring ClOX14, and CP2 is the centroid 
of the Cpring C15-Cl9. 

Table III. Selected Bond Lengths (A) and Angles (deg) for 
4' 

Zr-O 1.973(1) Cl-CZ 1.349(6) 
Zr-C 1 2.299(4) Zr-CPl 2.263(4) 
Z r 4 2  3.01 7( 5) 0 4 2  3.294( 5) 
Zr-H2 2.72(1) 0-H2 2.44(1) 

Si2422 1.874(5) 
S i 1 4 1  1.87 l(4) C2-H2 1.01(1) 

0-Zr-Cl 104.7(1) Zr-Cl-C2 108.8(3) 
CP1-Zr-CPla 128.1(1) S i 2 4 2 4 1  140.3(4) 

a CP1 and CPla are the centroids of the Cp rings. 

S i 1 4 1 4 2  120.3(3) Cl-C2-H2 109.6(3) 

Table IV. Positional Parameters and Their Estimated 
Standard Deviations for 3 

~ ~ ~~~ 

atom X Y 2 B (A2) 
Zr -0.20527(31 0.57461(31 0.5929813) 2.308161 
Si 1 
Si2 
0 1  
0 2  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c 1 0  
c11  
c12  
C13 
C14 
C15 
C16 
C17 
C18 
C19 

0.0253( i) ' 
-O.3637( 1) 

0.0253(2) 
0.1880(3) 
0.0600(3) 

-0).0644( 3) 
-0.2020(3) 

0.1208(5) 
0.1567(5) 

-0.0850(6) 
-0.3620(6) 
4.3536(6) 
-0).5560(6) 
-0.4370(4) 
-0.3782(4) 
-0).2479(4) 
-0).2228(4) 
-0).3416(4) 
4.4018(4) 
-0.3389(4) 
-0.1955(4) 
-O.1684(4) 
-0.2951(5) 

0.7929( i) ' 
0.8300(1) 
0.5673(2) 
0.6394(3) 
0.6397(3) 
0.7190(3) 
0.7194(3) 
0.9138(5) 
0.6420(6) 
0.8906(6) 
1.0154(4) 
0.7556(5) 
0.8420(6) 
0.7477(5) 
0.6568(5) 
0.6784(4) 
0.7809(4) 
0.8248(4) 
0.4896(4) 
0.3919(4) 
0.3233(4) 
0.3770(4) 
0.4785(4) 

0.7684( i) 
0.8214(1) 
0.5481(2) 
0.5708(3) 
0.601 5(3) 
0.6968(3) 
0.7103(3) 
0.6297(5) 
0.8520( 5 )  
0.9040( 5) 
0.7492( 5) 
1 .OO 13(5) 
0.8348(6) 
0.5332(5) 
0.4493(4) 
0.3588(4) 
0.3884(4) 
0.4965(4) 
0.7925(5) 
0.7126(4) 
0.7198(4) 
0.8007(4) 
0.8464(4) 

3.66(i) ' 
4.02(3) 
2.78(5) 
4.92(7) 
3.18( 7) 
2.77(7) 
2.69(7) 
6.3(1) 
6.4( 1) 
8.4( 1) 
5.9(1) 
6.4(1) 
7.2(2) 
5.0( 1) 
5.0( 1) 
4.2(1) 

4.3(1) 
4.8(1) 
4.7(1) 
4.3(1) 
4.2(1) 
4.3(1) 

4.00(9) 

(MeCzMe).24 It is interesting that the alkyne complexes 
CpzTi(PhC2Ph) and CpzTi(MesSiC2SiMes) react with 
carbon dioxide differently from the above compounds. 
Here the reaction leads to the displacement of 0.5 mol of 
alkyne from the coordination sphere of titanium accom- 
panied by formation of the binuclear titanium(II1) u-vi- 
nylcarboxylate derivatives Cp2TiC(R)=C(R)COOTiCpz 
(R = Ph, SiMe3).5 The monomeric titanafuranone met- 
allacycles are formed only in a further reaction with air 
oxygen.6J 

Upon reaction of 1 or 2 with water in THF at  room 
temperature the zirconoxane complex 4 containing two 
cr-alkenyl groups is formed. Similar titanoxane u-alkenyl 
complexes have been described.Gl2 
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SiMe3 

P M e 3  "% SiMe, 
+ H,O - 

. 2  THF 
2 C,,Zr<fi 

I C  Me$ 
THF 'SiMe, 

If the reaction of 2 with water is conducted in toluene, 
the yield of 4 decreases as in the case of the interaction 
of 2 with COz and uncharacterized byproducts are ob- 
tained. 

Complex 4 is a light-yellow crystalline substance readily 
soluble in benzene and THF and decomposing at  202-203 
"C in argon atmosphere. The structure of 4 has been 
determined by NMR spectroscopy and X-ray analysis 
(Figure 2). Positional parameters and selected bond 
lengths and angles are listed in Tables I11 and V. 

A molecule of 4 has CU, symmetry in which the oxygen 
atom is the symmetry center. The mirror planes pass 
through the zirconium atoms, the carbon atoms C1 and 
C2, the Si atoms, and the 0 atom. The zirconium center 
has a tetrahedral coordination sphere composed of the Cp 
ligands, the 0 atom, and C1. In the alkenyl unit the SiMes 
groups are in a cis arrangement. 

The [Zrl-C,=CrH unit in 4 is characterized in the lH 
NMR spectrum by the absorption of a-alkenyl protons at  
6 8.00 ppm and in the 13C NMR spectrum by the large 
difference in C, and CB chemical shifts of the a-alkenyl 
carbon atoms and the very low coupling constant J((2p-H) 
= 87.8 Hz. Such NMR parameters are usually observed 
for the zirconium a-alkenyl complexes with agostic C r  
H.-Zr interactions (see ref 13 and Table VI). However, 
according to the X-ray structure analysis of complex 4, 
the Cg-He-Zr distances (2.72(1) 8,) are significantly longer 
than those observed in 2l and in CpzZr(Cl)(C(SiMed= 
CHPh] (5)'3 (Table VI) in which the existence of a C r  
H-.Zr agostic interaction has been established previously. 
The ZrC,CB bond angle in 4 (ZrC(l)C(2) angle in Figure 
2) amounts to 108.8(3)O, which is significantly larger than 
the corresponding ZrC,CB bond angles in 2 (88.2(2)') and 
5 (89.9(2)O). On the other hand this angle is noticeably 
smaller than those in similar zirconium a-alkenyl com- 
plexes (136.0-144.9') in which agostic CBH-Zr interac- 
tions were not detected.13 This may indicate the possibility 
of the existence of weak agostic CrH-.Zr interactions in 
complex 4. 

Another possible reason for the above-mentioned pe- 
culiarities of the NMR spectra and structure of complex 
4 is the presence of weak C r H - 0  hydrogen bonds in 4. 
The Cg-H.-O distance of 3.294(5) 8, in 4 is in the range 
of such weak intera~ti0ns.l~ 

Experimental Section 
General Considerations. All syntheses were performed 

under argon using standard Schlenk techniques. THF, benzene, 
toluene, and hexane were distilled from sodium tetraethylalu- 
minate under argon before use. Infrared spectra were recorded 
on a Nicolet Magna 550 as Nujol mulls using KBr plates. NMR 
measurements were done on a Bruker ARX 300. Solvents for 
NMR were dried over sodium and distilled under argon. 

(13) Hyla-Kryspin, I.; Gleiter, R.; Kriiger, C.; Zwettler, R.; Erker, G. 

(14) Testa, B. Grundlagen der organischen Stereochemie; VCH: 
Organometallics 1990,9, 517. 

Weinheim, Germany, Deerfield, FL, Basel, 1983. 

Figure 2. SHELXTL plot showing the molecular structure 
of 4. 

Table V. Positional Parameters and Their Estimated 
Standard Deviations for 4 

atom X Y 2 B (A2) 
Zr 0.08027(2) 0.000 0.20196(3) 3.321(7) 
0 0.000 0.000 0.000 3.65(8) 
Si1 0.32548(8) 0.000 0.3552(1) 4.38(3) 
Si2 0.27527(7) 0.000 4 0 3 1 2 ( 1 )  4.43(3) 
C1 0.2157(2) 0.000 0.2046(4) 3.19( 8) 
C2 0.2072(3) 0.000 0.0703(4) 3.89(9) 
C3 0.3243(4) 0.000 0.5358(6) 7.7(2) 
C4 0.3842(3) 0.1248(4) 0.3500(5) 7.1(1) 
C5 0.2432(3) 0.1185(6) -0.1478(6) 11.4(2) 
C6 0.3952(4) 0.000 0.0477(7) 10.7(3) 
C7 0.0764(2) 0.2055(3) 0.1939(4) 5.89(9) 
C8 0.0024(2) 0.1755(3) 0.1996(4) 6.17(9) 
C9 0.0218(2) 0.1286(4) 0.3312(4) 7.2(1) 
C10 0.1133(3) 0.1318(4) 0.4052(4) 7.6(1) 
C11 0.1461(2) 0.1788(3) 0.3213(4) 6.20(9) 

Table VI. Selected NMR and Structural Parameters of 
Complexes 4, 2, and CpzZr(CI)[C(SiMe,)=CHPh] (5) 

4 21 5'3 

H2 0.144 0.000 0.003 7(1) 

'H NMR 

l3C NMR 
6 W - U  (ppm) 8.00 7.5217.28 

W,) ( P P d  236.1 230.2/230.3 
6(cB) (ppm) 148.3 101.7/100.4 
A6 = 6(C,) - 6(C,) (ppm) 87.8 128.51 129.9 
'J(C,H) ( H 4  123 96/97 

d(Zr-C,) (A) 2.297(4) 2.244(3) 
4 Z r - G )  'A. 3.017(5) 2.566(3) 
d(Ca=Cp) ( ) 1.349(6) 1.318(5) 
d(C6-H) (4 1.01(1) 1.10(3) 
d(Zr-H) (A) 2.72(1) 2.14(1) 
ZrC& (W 108.8(3) 88.2(2) 

Structural Parameters 

8.59 

206.8 
113.3 
93.5 
123 

2.258(2) 
2.623(2) 
1.339(3) 
0.98 
2.29(2) 
89.9(2) 

Elemental analyses were carried out at Dornis and Kolbe, 
Mikroanalytisches Laboratorium, Miilheim a. d. Ruhr, FRG. 
Melting points were measured in sealed capillaries (1 atm of 
argon) on a Biichi 535 apparatus. 

Preparation of 3. A 0.185-g amount of complex 1 was 
dissolved in 5 mL of THF under argon. Argon was carefully 
removed by evacuating and replaced by carbon dioxide, and the 
solution was kept at room temperature without stirring. In the 
course of 24 h yellow crystalline aggregates of complex 3 were 
slowly formed at the bottom and walls of the vessel. The solution 
was decanted. The remaining crystals were washed once with 2 
mL of THF and dried in vacuo to give 0.132 g (76%) of 3: IR 
(Nujol mull) 1644 cm-1 ( v ~ ) ;  lH NMR (THF-ds) 6 0.35 (8, 18 
H, SiMes), 0.40 (s,18 H, SiMes), 6.09 (s,20 H, Cp). Anal. Calcd 
C, 52.36; H, 6.48; Si, 12.89; Zr, 20.39. Found C, 52.52; H, 6.58; 
Si, 12.54; Zr, 20.34. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
7,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 D
ec

em
be

r 
1,

 1
99

3 
| d

oi
: 1

0.
10

21
/o

m
00

03
6a

05
0



Notes Organometallics, Vol. 12, No. 12, 1993 5019 

parameters; non-hydrogen atoms were refined anisotropically. 
Cell constant and other pertinent data were collectad and recorded 
in Table I. 
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An analogous reaction of complex 2 (0.231 g) with carbon 
dioxide in benzene gave 3 in a yield of 0.117 g (45%). 

Preparation of 4. A 0.734-g amount of complex 1 was 
dissolved in 20 mL of THF under argon, and 0.03 mL of distilled 
water was addedto the solution. The solution immediately turned 
yellow. The mixture was stirred at room temperature for 2 h, 
filtered, and evaporated to dryness. The crude yellow product 
(0.551 g, 87 % ) was recrystallized from n-hexane: lH NMR (C&) 
6 0.32 (8, 18 H, SiMea), 0.36 (e, 18 H, SiMea), 6.01 (s,20 H, Cp), 
8.00 (a, 2 H, CpH); W{lH) NMR (c&S) 6 2.0 (8,  SiMes), 3.7 (8,  
SiMea), 111.0 (8,  Cp), 148.3 (e, Cp), 236.1 (8,  Cd. Anal. Calcd 
C, 53.94; H, 7.29. Found C, 54,33; H, 6,89. 

Alternatively, complex 4 was prepared from the reaction of 2 
with water in toluene by using the procedure described above. 
Yield ca. 40%, by NMR spectroscopy. 
Crystallography. X-ray data were collected on an Enraf- 

Nonius CAD4 diffractometer using Mo Ka radiation (X = 0.7107 
A). Data were corrected for Lorentz and polarizations effects 
but not for absorption.16 The structures were solved by Patterson 
methods" and refined by full-matrix least squares.16 Hydrogen 
atoms were included at calculated positions with fixed thermal 

(15) Molen: An Interactive Structure Solution Procedure. Enraf- 

(16) Sheldrick, G. M. SHELXS-86, A Computer Program for Crystal 
Nonius, Delft, The Netherlands, 1990. 

Structure Determination. University of Gettingen, Germany, 1986. 
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